Director reorientation under pressure driven ͑Poiseuille͒ flow is observed conoscopically for the liquid crystal 5CB aligned at an azimuthal angle of 45°to the direction of flow. A polyimide surface treatment ͑AL 1254͒ is used to promote planar homogeneous alignment and rubbed to produce an initial azimuthal alignment angle 0 . Conoscopic interference figure rotation is documented as a function of flow rate and compared to that produced from numerical models using Leslie-EricksenParodi theory. Model and data show excellent agreement. © 2009 American Institute of Physics. ͓doi:10.1063/1.3251792͔
The viscodynamics of pressure induced ͑Poiseuille͒ flow in nematic liquid crystals are important in many technological applications. These range from the use of low molar mass liquid crystals in the manufacture of liquid crystal displays to liquid crystal polymer ͑LCP͒ injection molding used to spin textile fibers. 1 Director orientation and flow channel dimensions for fabrication techniques such as LCP injection molding can often play an important role in the order parameter 2 and the number of defects in finished products. Other studies have examined nematic flow alignment in samples with colloidal dispersions and the topological defects associated with them, as commonly found in foods, paint and drugs. 3 To date, much work has been carried out in examining director reorientation and measurement of various viscoelastic properties of nematic liquid crystals under shear induced ͑Couette͒ flow 4, 5 including work involving the shearing of nematic liquid crystals under varying initial azimuthal ͑͒ alignment conditions. 6, 7 Such shear flow experiments regularly involve the flowing of a liquid crystal sample between two glass plates by way of dragging one plate relative to the other at a constant velocity, producing a linear velocity distribution across the depth of the cell. In the Poiseuille flow study presented here, a distinctly different flow distribution is observed ͑particularly at low rates͒, 8 a parabolic distribution of flow speeds symmetrical about d / 2 ͓see Fig. 1͑a͔͒ , characteristic of any classical pressure gradient flow regime. Such a symmetric flow speed distribution results in differing azimuthal ͑-rotation͒ and tilt ͑-rotation͒ ͓see Fig. 1͑b͔͒ distortions through the depth of the sample compared to that of the linear velocity distribution produced from shear flow.
The dynamics of anisotropic fluid flow are inherently complex. This is due to the need for consideration of both the translational and orientational order of the constituent molecules under flow. Liquid crystals undergoing flow are well described by the continuum theory proposed by that of Leslie 9 and Ericksen, 10 with five independent ͑Parodi 11 ͒ viscosity coefficients ͑␣ 1 ...␣ 5 ͒ determining director orientation under perturbation from an external source. Such a theory ͑for the ideal case of no boundary effects͒ proposes that flow aligning liquid crystals ͑␣ 3 / ␣ 2 Ͼ 0͒ rotate to achieve a constant angle L ͑Leslie angle͒ out of the shear plane, at which point viscous torques on the director vanish. The Leslie angle is given by
͑1͒
Typical values of the Leslie angle are a few degrees away from the flow direction. 12 In the case of non flow aligning ͑␣ 3 / ␣ 2 Ͻ 0͒ systems, a continuous tumbling of the director in the direction of flow is observed until a cascade of instabilities occurs, leading at very high shear rates to director turbulence. 12 As in real systems, surface anchoring effects ͑producing splay and twist gradients through the depth of the cell͒ will affect the absolute amount of director distortion. As liquid crystal flow speeds ͑and director distortion associated with viscous torques͒ increases, the effect of the elastic surface anchoring condition is decreased to a point where the boundary effects become negligible, E r ӷ 1 where E r is termed the Ericksen number, defined by
where v is the velocity of the moving plate, d is the cell thickness, K 1 is the Frank splay elastic constant, and ␥ 1 = ␣ 3 − ␣ 2 is known as the coefficient of nematic liquid crystal rotational viscosity or Tsvetkov's viscosity coefficient. 13 Only when viscous torques negate the elastic anchoring forces can Eq. ͑1͒ be relied upon. Due to the high level of birefringence exhibited by an ordered nematic liquid crystal, conoscopy ͑Fig. and the mean absolute tilt angle ͉͉ exhibited by a sample. Viewing a birefringent sample with highly convergent monochromatic light through crossed polarizers allows characteristic interference figures to be examined 14 where the conoscopic figure provides an optical average of the director orientation across the thickness of the entire cell. The distinct advantage is that azimuthal distortion is revealed by figure symmetry without accounting for the effect of tilt distortion on total birefringence. As in flow experiments, the director profile will be graduated from the top plate to the bottom plate due to wall effects at the surface and a distortion toward the Leslie angle in the bulk of the sample. 7 As such, the conoscopic interference figure gives an average and smaller value then the magnitude of director distortion at the midplane of the sample, as described by Boudreau et al. ͑Ref. 7͒.
A 20 mm long, 2.8 mm wide, 50 m deep channel was fabricated using two glass ͑n = 1.52͒ microscope slides, bonded together by a thermally annealing plastic ͑Parafilm͒ to define the channel walls ͑Fig. 3͒. Homogeneous surface treatment ͑AL 1254͒ was spin coated to a depth of Ϸ100 nm and rubbed using a velvet cloth at an angle of 0 = 45°to the x axis. The flow cell is connected to a Perkin Elmer syringe driver via 0.8 mm diameter stainless steel tubing ͑at the cell͒ and polypropylene hose, with the cell ends sealed using UVcuring glue.
The liquid crystal cell was filled with 5CB via the stainless steel tubing with a 250 l syringe and left to reach a uniformly aligned, nonflowing homogeneous state. The sample was then placed at the convergence point of the incoming beam and the conoscope aligned to produce an interference figure focused at the charge-coupled device ͑CCD͒.
The volumetric flow rate of the syringe driver was increased in steps of 5 l / h over the range of 0 -65 l / h. Images of the interference figure were captured after each increment, allowing time for the system to reach a stable state. In order to accurately measure the angle of conoscopic interference figure rotation, computer code was written to track the mirror plane of the interference figure. Minimising the difference between the two halves of the figure for a straight line at a given angle to the figure's x axis allows for accurate determination of the figure's rotation as a function of volumetric flow rate. Figure 4 shows modeled and observed conoscopic interference figure rotation as a function of volumetric flow rate. CCD captures can be seen in Fig. 5 , along with modeled conoscopic interference figures for three different volumetric flow rates. As volumetric flow rate increases, the director will begin to rotate out of the flow plane ͑toward the Leslie angle͒, creating a torque on the molecules in the azimuthal plane causing an average molecule rotation and conoscopic figure rotation. It is important to note that if there were no rotation of the director out of the flow plane, there would also be no azimuthal rotation. ͑This could potentially be observed by flowing a negative ⌬ liquid crystal while held in planar homogeneous alignment by an external electric field.͒ It is clear from Fig. 4 that the modeled and experimental data for conoscopic interference figure rotation show excellent agreement. Varying the value of ␣ 2 ͑shown by the modeled dashed and dotted lines in Fig. 4͒ shows an approximate sensitivity of Ϯ10% to this parameter. It is expected that as the initial alignment angle increases to 90°͑normal to flow direction͒ a hydrodynamic analog of the Freedericksz transition will be seen as has been previously shown for shear flow. 6 Translational distortion of the conoscopic figure observed in shear flow experiments 7, 6 is not present under Poiseuille flow regimes due to the symmetry of the velocity distribution about d / 2. As discussed earlier, the conoscopic interference figure is an averaging through the depth of the entire cell, and such a symmetric velocity distribution results in a splayed state and an average distortion out of the shear plane of =0.
We have shown excellent agreement between model and data for the conoscopic figure rotation of a homogeneous liquid crystal cell aligned at 0 = 45°to the direction of pressure driven flow. Average azimuthal director angle is shown to distort through 35°͑from 45°to 10°͒ in a nonlinear fashion. Excellent agreement between data and theory confirms the viscosity coefficients of 5CB.
